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The response of pea embryonic tissues to the replication of a range of different viruses was investigated using in situ
hybridization to analyze changes in the expression of two host genes, heat shock protein 70 (hsp70) and lipoxygenase (lox1).
Excised pea embryos were infected using microprojectile bombardment with a nonseed transmissible strain of Pea
seed-borne mosaic potyvirus, or with Pea early browning tobravirus (PEBV), White Clover mosaic potexvirus, or Beet curly top
geminivirus. Collectively, these examples represent families of viruses with differing genomic features, differing numbers of
genomic components and differing replication strategies. In all cases, there was an induction of hsp70 associated with virus
replication and, in most cases, a downregulation of lox1. Hence, either each virus has a direct inducer of these common
responses or the induction is indirectly the result of a generic feature of virus infection. By exploiting the bipartite nature of
the PEBV genome, the coat protein gene and genes involved in vector transmission were excluded as potential inducers.
© 2000 Academic Press
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CINTRODUCTION
It remains largely a mystery as to how plant viruses
influence cellular function during the most active phase
of virus multiplication. It is clear that there must be some
redirection of metabolism to the synthesis of virus-spe-
cific products and one would predict that there may be
some downstream consequences of this and of the pres-
ence of viral proteins. These consequences may be of
short or long duration. Although these effects have been
studied extensively for animal virus infections, relatively
little attention has been given to the immediate re-
sponses of plant tissues to virus invasion (Aranda and
Maule, 1998). For animal viruses, synchronous virus in-
fections of cell cultures have provided essential tools for
identifying both induced changes in the host and the
nature of the viral inducer. In general, rather than viruses
inducing common changes in infected cells through the
action of viral inducers with related functions, these
studies have shown that individual viruses, or families of
viruses, use specific mechanisms to effect host gene
expression and/or host protein translation (Aranda and
Maule, 1998). For example, poliovirus (Picornaviridae)
alters both host gene transcription and translation. The
inducers of these effects (poliovirus 3Cpro and 2Apro, re-
pectively) are different from inhibitors of host gene ex-
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318ression associated with infections with other animal
NA or DNA viruses (references in Aranda and Maule,
998).
Similar comparisons have not been possible for plant
iruses, as immediate host responses to virus replication
ave really been studied only in two systems, and using
ifferent approaches. Applying a spatial biochemical
nalysis to tissues of cucurbit cotyledons infected with
ucumber mosaic virus (CMV), Te´csi et al. (1996) showed
that the onset of virus replication initiated a program of
biochemical changes that eventually correlated with the
appearance of chlorotic symptoms. The earliest change
recorded after infection was an increase in the activity of
NADP-dependent malic enzyme, an enzyme believed to
be involved in anaplerotic reactions, i.e., the provision of
metabolic precursors for macromolecular synthesis. In
the second study, in situ hybridization and immunocyto-
chemistry was used to show host changes in gene
expression and protein accumulation in response to Pea
seed borne mosaic virus (PSbMV) infection of pea em-
bryonic cotyledons (Wang and Maule, 1995; Aranda et al.,
1996). These experiments showed that, following the
onset of virus replication, there was a transient depletion
of many host gene transcripts (Wang and Maule, 1995)
and a coordinate upregulation of some host genes
(hsp70 and ubiquitin, Aranda et al., 1996; gor2, M. Es-
caler, unpublished data).
The process of seed transmission of PSbMV results in
the progressive invasion of the immature cotyledon on
an advancing infection front, which is amenable to spa-
tial analysis. In the absence of cell culture systems or
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319HOST RESPONSES TO VIRUS REPLICATION IN PEAother strategies for plants that give rise to truly synchro-
nous infections, this approach for correlating space with
time for a moving infection front appears to be the best
way at present to identify very early changes in plant
cells following virus infection. In this work, we have used
the immature pea cotyledon as a host tissue to test
whether the responses to PSbMV infection correlate with
seed transmissibility and whether these tissues respond
similarly to infection with other viruses. Of the viruses
known to replicate in pea tissues, three viruses (Pea
arly browning tobravirus, PEBV; White clover mosaic
otexvirus, WClMV; Beet curly top geminivirus, BCTV)
ere selected for study. These viruses are phylogeneti-
ally distinct, have different genomic organization (Fig.
), and different modes of expression. PSbMV is a mem-
er of the Potyviridae. It has a single positive-sense
ingle-stranded (ss) RNA genome with a 39 polyA tail and
viral genome-linked protein (VPg) at the 59 end. Its
enome is expressed as a single large polyprotein,
hich is self-proteolytically processed to release func-
ional products (Reichmann et al., 1992; Shukla et al.,
994; Revers et al., 1999). PEBV is a member of the
obraviridae. It has a positive-sense ssRNA divided ge-
ome (RNAs 1 and 2). The RNAs have a 59 cap and a 39
FIG. 1. Schematic representation of virus genomes. The relative size
nd organization of the four virus genomes are shown. The gray boxed
reas show the open reading frames. PSbMV encodes replicase pro-
eins (rep), proteases (pro), movement proteins (mp), and coat protein
cp) within a single open reading frame. The other viruses encode
unctions within distinct open reading frames. For BCTV, the comple-
entary (C) sense genes encode the rep functions, while the virion (V)
ense genes encode the movement and coat proteins.RNA-like structure. RNA1 encodes the viral replicase
nd the movement protein, while RNA2 encodes the coat
g
protein and proteins implicated in vector transmission.
ll the tobravirus open reading frames, except the 59
roximal replicase gene of RNA1, are expressed from
ubgenomic RNAs (MacFarlane and Brown, 1995; Mac-
arlane et al., 1996; MacFarlane, 1999). WClMV is a
ember of the Potexviridae. It has a single positive-
ense ssRNA genome with a 59 cap and a 39 polyA tail.
gain, all but the 59 proximal cistron are expressed from
ubgenomic RNAs (Forster et al., 1988). BCTV is the type
ember of the curtovirus subgroup of the Geminiviridae
Mayo and Pringle, 1997). It has a single-component ss
ircular DNA genome, which replicates in the nucleus.
his contrasts with the RNA viruses, which replicate in
he cytoplasm. In addition to this fundamental difference
n genome organization and replication, BCTV is re-
tricted to the vascular tissues (Latham et al., 1997).
To draw parallels with previous work, virus-infected
otyledonary tissues were analyzed for the accumulation
f host transcripts for hsp70 and lipoxygenase (lox1),
enes which had been shown to be up- and downregu-
ated, respectively, in response to PSbMV replication
Aranda et al., 1996).
RESULTS
irus infection of pea cotyledons
To analyze the responses of pea cotyledonary cells to
nfection by a range of nonseed transmitted viruses,
onditions were established for the inoculation of imma-
ure pea cotyledons in vitro. Cotyledons excised from
mmature pea seeds were subjected to microprojectile
ombardment on the inner flat face of the cotyledonary
obe and cultured for up to 5 days under sterile condi-
ions. After 3 days, the inoculated cotyledons began to
how necrosis, starting at the outer surface where the
issues had suffered minor damage during dissection
rom the pod and testa tissues. Therefore, for the follow-
ng experiments a time of 3 days postinoculation was
sed. To identify the locations of the infection foci, the
otyledons were fixed, embedded, and sectioned, and
he sections analyzed using in situ hybridization. The pea
otyledons were inoculated with five viruses: PSbMV
PD1 is a seed-transmitted isolate; PSbMV NY is not
eed-transmitted in pea cultivar “Vedette”; PEBV is seed-
ransmitted, although via a mechanism different from that
or PSbMV (Wang and Maule, 1997); and WClMV and
CTV, which are not known to be seed-transmitted in
ea. PSbMV and PEBV were inoculated as DNA plas-
ids carrying an expression cassette containing the viral
DNA cloned between the CaMV 35S promoter and the
os terminator. WClMV was inoculated as in vitro-de-
ived RNA transcripts. BCTV was inoculated as a DNA
reparation harvested from infected sugar beet plants.
Bombardment of tissues with PSbMV cDNAs typically
ave between five and 20 infection foci randomly dis-
ersed over a 6–8 mm2 area of the face of the cotyledon
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320 ESCALER ET AL.(Fig. 2, panels D and E). In contrast to the advancing area
of infection that occurred after embryo invasion via seed
transmission (Fig. 2, panel C), these foci represented the
result of point inoculation and virus spread to the sur-
rounding tissue to form a lesion. The lesions were not
visible on the surface of the intact cotyledon. PEBV cDNA
appeared to be less infectious and gave one to five
lesions (Fig. 2, panel F). WClMV RNA also routinely gave
five to 20 lesions (Fig. 2, panel G). In contrast, from
several attempts, only one BCTV infection focus was
identified. This was an infection of the central region of
the embryonic axis, in the region of the provascular
tissue (Fig. 2, panel H). The morphology of the foci/
FIG. 2. In vitro inoculation of pea cotyledons with five viruses. Panels
A and B show two aspects of the pea cotyledon. The inner flat face of
cultured cotyledons was bombarded (large arrows, B) with different
virus inocula and, after incubation, was sectioned parallel to the flat
face to give sections in C-H. Sections were then subjected to in situ
hybridization using negative-sense probes to identify the infection foci.
Panel C shows the typical zone of PSbMV infection obtained after seed
transmission. Cotyledons in panels D and E were inoculated with
PSbMV isolate DPD1 (seed transmissible) and NY (nonseed transmis-
sible), respectively. Panels F, G, and H show cotyledons after inocula-
tion with PEBV, WClMV, and BCTV, respectively. The single infection
site for BCTV is shown with a small arrow. For sections where the
overall shape of the cotyledon section is not obvious, the approximate
outline is marked (broken line). The section in H was taken very close
to the surface of the cotyledon (3—3 in B) and was incomplete in the
center of the tissue.lesions on the face of the cotyledon differed, being small-
est for PSbMV and WClMV, and largest for PEBV (Fig. 2;compare panels D, G, and F). The significance of this is
not understood, but there was no clear correlation with
lesion density. For all the virus lesions the depth of the
infection into the tissue was variable and determined the
number of sections that could be analyzed by in situ
hybridization.
Changes in hsp70 gene expression
Sections from tissues infected with each of the five
viruses (and uninfected controls) were subjected to in
situ hybridization using negative-sense probes to identify
the areas of accumulation for each virus genome, and
positive- and negative-sense probes for host hsp70 mR-
As (Fig. 3). As previously (Aranda et al., 1996), hsp70
showed a low level of constitutive expression in unin-
fected and uncultured cotyledons. This did not increase
after the cotyledons were bombarded with control plas-
mids and cultured in vitro (data not shown). Coincident
with the edge of the expanding PSbMV lesions there was
an upregulation of hsp70 mRNA accumulation, restricted
to just one- to two-cell layers at the infection front (Fig. 3;
arrows in panels E and H). This was followed by an
abrupt depletion of hsp70 mRNA to a level below that
seen in uninfected tissues. The level remained low in all
the previously infected cells. PEBV and WClMV also
showed an upregulation of hsp70 mRNA accumulation at
he infection front (Fig. 3; arrows in panels K and N),
lthough this was less clearly defined than that seen for
SbMV. A marked reduction of hsp70 RNA in the center
f the PEBV and WClMV lesions was not evident. Sec-
ions through the BCTV-infected zone also identified an
ncrease in hsp70 mRNA accumulation but due to the
ize of the infected area and the complexity of the asso-
iated tissues, the relationship with the infection front
nd the duration of the increase could not be defined
recisely (Fig. 4).
hanges in lox1 gene expression
We showed previously that lox1 mRNA (and that of
other genes) was depleted in cells undergoing PSbMV
replication and that expression recovered a short dis-
tance behind the front as virus replication declined
(Aranda et al., 1996). Sections of bombarded cotyle-
donary tissue infected with PSbMV, PEBV, or WClMV
were hybridized with probes for positive- and nega-
tive-sense lox1 RNAs; due to limits on the tissue avail-
able, BCTV-infected tissue was not probed for lox1
expression. In each case, there was evidence of a
reduction of lox mRNA accumulation at and behind the
infection front (Fig. 3; * in panels F, I, L, and O),
although again the zones were less well and poorly
defined for PEBV and WClMV, respectively (Fig. 3,
panels L and O). In contrast to previous observations,
where the zone of downregulation of lox1 expression
was followed by a recovery (Aranda et al., 1996), re-
h
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321HOST RESPONSES TO VIRUS REPLICATION IN PEAFIG. 3. Host responses to RNA virus infections. Sections of healthy, mock inoculated (not shown) or infected cotyledons were analyzed by in situ
ybridization for the accumulation of viral RNA and host hsp70 or lox1 mRNAs. The increased accumulation of hsp70 RNA at the expanding lesion
dge (e.g., arrows in E, H, K, and N) is indicated. The depletion of lox1 transcripts behind the infection front is also marked (e.g., * in F, I, L, and O).
or sections where overall shape is not obvious, the approximate outline is marked (broken line). Control positive-sense probes for hsp70 and lox1
mRNAs gave only background staining (equivalent to panel A; not shown).
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322 ESCALER ET AL.covery of lox1 expression was not observed in the
center of the lesion in any of the cases.
Analysis of PEBV-induced changes in host gene
expression
The divided genome of PEBV provided the opportunity
to assess the roles of the two genomic components in
triggering the upregulation of hsp70 and the downregu-
lation of lox1 expression. PEBV RNA1 contains the virus
replication and movement functions, while RNA2 ex-
presses the viral coat protein and functions linked to
FIG. 4. Host response to BCTV infection. Sections of tissues from the
junction between the embryonic axis (ea) and the cotyledon (A) were
examined for the accumulation of hsp70 RNA (C and E) and BCTV-
specific nucleic acids (B and D) using in situ hybridization. For the
single infection BCTV site (D), which occurred in the region of the
central vascular tissues (cvt), an increase in hsp70 RNA was observed
(arrow). Similar hybridization was not seen in uninfected cotyledons (C).vector transmission. PEBV RNA1 has previously been
shown to generate systemic infections of pea plants(Cadman and Harrison, 1959). Bombardment of pea cot-
yledons with a combined inoculum, containing cDNAs
for RNAs 1 and 2, or inoculum containing cDNA for RNA1
alone, were compared. Both inocula initiated infections
on pea cotyledons (Figs. 3, panel J, and 5, panel A,
respectively). When sections of RNA1-infected tissue
were probed for hsp70 and lox1 mRNA accumulation, an
upregulation of hsp70 and a downregulation of lox1 ex-
ression was seen (Fig. 5, panels C and D). The apparent
ynamics of the changes in host gene expression were
imilar for the two infections (Figs. 3, panels K and L, and
, panels C and D).
FIG. 5. Host responses to the replication of PEBV RNA1. Consecutive
sections from a cotyledon bombarded with cDNA for PEBV RNA1 (A)
were analyzed for the accumulation of PEBV RNA1, and hsp70 and lox1
RNAs using in situ hybridization. Panels B, C, and D show a magni-
fication of three of the lesions (box in A). Panel C shows the upregu-
lation of hsp70 in a layer of two to three cells at the infection front,
whereas Panel D shows the coincident depletion of lox1 transcripts,
which remains throughout the infected area.
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323HOST RESPONSES TO VIRUS REPLICATION IN PEADISCUSSION
In this work, we have examined the effect of four
istinct viruses on pea gene expression to investigate
hether some of the host responses first identified for
SbMV are common to the wider range of viruses. The
revious studies had used PSbMV infections of pea
otyledons established following virus seed transmis-
ion. This experimental system had the added advantage
f using a compact plant tissue of largely nonvacuolated
ells, where localized changes in gene expression could
e readily visualized by in situ hybridization. To extend
hese observations, it was important first to determine
hether the responses were related to the seed-trans-
ission process or whether they were exhibited only by
iruses capable of being seed-transmitted. To achieve
his, it was necessary to find a method for infecting
mmature pea cotyledons in vitro. Although the cultured
otyledons survived for only a limited period, the time
as sufficient to give lesions for which an advancing
nfection front could be identified. The use of the hand-
eld gun for bombardment of cotyledons was both rapid
nd convenient, and although some superficial damage
as done to cotyledonary tissues, this did not result in
he general induction or suppression of either of the host
enes examined.
Infections with either the DPD1 or NY isolates of
SbMV resulted in an induction of hsp70 expression and
depletion of lox1 mRNA behind the infection fronts;
ence, we can conclude that these changes do not
orrelate with seed transmission or seed transmissibility.
All the viruses studied showed evidence of hsp70
nduction, and all the RNA viruses (BCTV was not tested)
howed evidence of host transcript depletion (repre-
ented by lox1 mRNA analysis). In some cases, this was
either as dramatic nor as clear as seen with PSbMV. It
s unclear why this was so. Within the accuracy of mea-
urement for consecutive sections, it could be seen that
sp70 induction and lox1 downregulation were coordi-
ately controlled. However, in this in vitro system, the
uration of hsp70 induction was even shorter (1–2 cells)
han seen before in cotyledons infected by seed trans-
ission (4–6 cells; Aranda et al., 1996).
In the broader context of host responses to virus
nfection (Aranda and Maule, 1998), it is unusual to
ind such a diversity of viruses inducing a range of
ommon responses. However, to our knowledge, there
re no other examples where a single tissue, or cell
ype, has been similarly analyzed. In this work, we
xamined the expression of only two host genes and
here will almost certainly be others that show corre-
ponding up- and downregulation. Nevertheless, the
esult raises the obvious question as to the purpose of
ncreased hsp70 expression and decreased expres-
ion of other host genes (exemplified by lox1) to this
ange of viruses. We have speculated before that
f
gSP70 may be important for viral protein folding but
ther factors such as general defense reactions and
onsequences of disrupted cell-to-cell communication
particularly for plant viruses, which modify plasmod-
smal function) could also be important. There is in-
reasing evidence to indicate that chaperones may be
ecessary components for efficient virus replication,
irus genome expression, and virus movement. For
xample, HSP70 is known to associate with viral pro-
eins and may be involved in virus assembly (Macejak
nd Luftig, 1991; Jindal and Young, 1992; Macejak and
arnow, 1992). More specifically for plant viruses, a
losterovirus-encoded HSP70 homolog has been
hown to be involved in virus movement (Agranovsky
t al., 1998; Peremyslov et al., 1998) and HSP101 has
een shown to be an important mediator in the initia-
ion of Tobacco mosaic virus translation (Tanguay and
allie, 1996; Wells et al., 1998). It seems possible that
he decrease in some host gene expression, such as
hat seen for lox1, may reduce competition by the host
or functions important for viral genome replication
nd expression. These common effects, seen for such
wide range of viruses, may point to generic features
f virus multiplication as inducers. These are less
ikely to be related to particular features of viral RNA or
NA replication since both cytoplasmically replicating
NA viruses and BCTV geminivirus, which replicates
n the nucleus, induced hsp70 expression.
In a preliminary experiment, we have used the bi-
artite nature of the PEBV genome to investigate the
rigin of the PEBV inducer of hsp70 upregulation and
ox1 downregulation. By comparing RNA1 infections
ith complete PEBV infections, the PEBV genome was
isected. In this experiment, RNA1 was essentially a
eplicon encoding the viral replicase, movement pro-
ein, and 12K protein (function unknown); encapsi-
ated virus could not accumulate. The results showed
hat for PEBV, viral coat protein or other genes on
NA2 were not required to stimulate the host re-
ponses. The advantage of this approach is that it
akes into account the potential need for the generic
hysiological pressures associated with virus amplifi-
ation, which may be required for the induced re-
ponses, to be in place. For example, it may not be
dequate to challenge tissues by expressing individ-
al viral genes in the absence of virus genomic am-
lification or modified plasmodesmal function. Defini-
ive identification of the viral inducer(s) of the host
esponses for any of the viruses studied is pending,
ut by exploiting the multipartite nature of PEBV we
ave been able to eliminate some candidates. The
hallenge for the future will be to show whether each
irus has a specific inducer or whether it is generic
eatures of virus infection that give rise to altered host
ene expression.
A324 ESCALER ET AL.MATERIALS AND METHODS
Plant material
Pea plants (Pisum sativum L. cv. Vedette) were grown
in a glasshouse at 18 6 5°C with 14-h supplemented
lighting. For embryo culture, immature embryos (150–200
mg) were sterilized and cultured as described by Wang
et al. (1987). Cultured embryos were maintained in a
growth chamber at 20°C with a 16-h photoperiod. Pea
embryos were inoculated with PSbMV isolates DPD1 or
New York (NY), PEBV, WClMV, or BCTV, and maintained
in culture for 3 days before processing for in situ hybrid-
ization.
Inoculation of pea cotyledons
For inoculation, the pea cotyledons were laid flat side
uppermost and subjected to microprojectile bombard-
ment using a handheld gun essentially as described by
Gal-On et al. (1997). Gold particles (0.95 mm dia) were
coated with DNA or RNA as described by Christou et al.
(1991) and propelled from the gun over a distance of
approximately 2 cm to impact the target tissue. Cotyle-
dons were bombarded with gold either coated with virus-
specific nucleic acid or left uncoated (mock-inoculation),
or were maintained without bombardment (healthy con-
trols).
Virus inocula
Complete cDNAs for PSbMV DPD1 and PSbMV NY
(Johansen, 1996) were kindly provided by E. Johansen
(Danish Institute of Agricultural Sciences). Complete
cDNAs for PEBV isolate SP5 RNA1 and RNA2 (MacFar-
lane et al., 1991) were similarly provided by S. MacFar-
lane (Scottish Crop Research Institute). All these cDNAs
were cloned between the CaMV 35S promoter and the
nos terminator such that they initiated a virus infection
after direct inoculation of the DNA into plant cells. Com-
plete cDNA for WClMV strain O (Beck et al., 1990) was
provided by R. Forster (HortResearch, New Zealand). In
this case the cDNA was cloned after a T7 polymerase
promoter allowing in vitro transcription reactions (Sam-
brook et al., 1989) for the production of infectious tran-
scripts. Gold particles coated with total DNA extracted
from BCTV-infected sugar beet (provided by M. Pinner,
John Innes Centre) were used as the BCTV inoculum.
In situ hybridization
Pea cotyledons were fixed, embedded, and sectioned
for in situ hybridization as described previously (Wang
and Maule, 1995; Aranda et al., 1996). For analysis, sec-
tions were hybridized with Digoxigenin (Dig)-labeled
RNA probes, washed, and specific hybridization revealed
using an alkaline phosphatase-conjugated anti-Dig anti-
body and BCIP/NBT substrates (Jackson, 1991).
Negative-sense RNA probes for detecting positive-sense genomic PSbMV RNA (Wang and Maule, 1995;
Aranda et al., 1996) or genomic PEBV RNA (Wang and
Maule, 1997) were prepared as described previously. To
prepare a negative-sense probe to detect positive-sense
WClMV RNA, the full-length cDNA clone pWClMV-4
(Beck et al., 1990) was digested with BamHI and SalI and
the released 5.8-kbp fragment recloned into pBluescript
SK1 (Stratagene). The resulting clone was linearized
after digestion with BamHI and transcribed in vitro with
T7 RNA polymerase (Boehringer Mannheim) in the pres-
ence of Dig-UTP. To detect BCTV infections, a full-length
BCTV DNA clone, pBCT028 (Stanley et al., 1986), was
digested with SalI and the viral DNA fragment recloned
into pBluescript SK1 (Stratagene). Dig-labeled RNA tran-
scripts were made in vitro using T7 RNA polymerase
after linearizing the clone with XbaI. Positive- and nega-
tive-sense probes for hsp70 and lox1 were prepared as
before (Wang and Maule, 1995; Aranda et al., 1996).
Positive-sense probes for hsp70 and lox1 always gave
only background staining (not shown).
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